In order to increase the evaporation rate of copper in molten iron, the addition of silicon or carbon, which has a strong affinity with the solvent metal, iron, is considered to be effective, because the activity coefficient of copper can be expected to increase. Accordingly, the effects of silicon and carbon on the evaporation rate of copper in molten iron have been investigated. It is found that the rate constant of copper evaporation has a maximum value at the silicon content of about 3 mass%. The apparent rate constant at 3 mass% Si is about 1.4 times larger than that for Fe-Cu alloy. The apparent rate constant of copper evaporation for Fe-C-Cu alloy monotonically increases with increasing the carbon content. The rate constant at 2 mass% C is about 1.7 times larger than that for Fe-Cu alloy. At a practical reduced-pressure of 133 Pa, the rate constant of copper evaporation which is large enough to be equivalent to that in the case of the chemical reaction rate-limiting for Fe-Cu alloy was attained in the present study.
Introduction
Most of ferrous scraps include tramp elements, such as Cu and Sn, which cause adverse effects on the mechanical properties of steel products, if their contents exceed certain levels. Although the recycling of the iron scraps is desirable to be repeated continuously, the contents of the tramp elements in the iron scraps certainly continue to increase, which will prevent the continuous recycling by a dilution method. On the other hand, the removal techniques of these elements from molten steel are not necessarily established, and the removal of the tramp elements is one of the most important problems in recycling the iron scraps. The vaporization processes are considered to be suitable for the efficient removal of Cu from ferrous alloys, and many studies have been conducted on the vaporization of Cu from iron melts. [1] [2] [3] [4] [5] [6] [7] [8] However, the evaporation rate of copper is generally limited by the gaseous mass transfer at the practical chamber pressure over 133 Pa, and the special techniques are required in order to attain the sufficiently large reaction rate. Matsuo et al. [1] [2] [3] reported that the removal of copper was promoted by the turbulence of the gas/metal interface, which was caused by the decarbonization of the melt, using the weak oxidizing agents, such as SiO 2 and MgO. It is also reported that the evaporation rate is expected to increase by blowing the NH 3 gas at the surface of the molten steel. 4, 5) In order to promote the vaporization, the addition of silicon or carbon, which has a strong affinity with the solvent metal, iron, is considered to be effective, because the activity coefficient of Cu can be expected to increase. Two stud-ies were reported previously on the effect of silicon on the vaporization rate of Cu in molten iron. 6, 7) However, those results are not much in accord with each other, and the effect of Si on the vaporization rate of Cu shows different dependences on the silicon content between the two studies. In our previous study, 9) the effect of silicon on the evaporation rate of Cu was examined from the activity coefficient of copper estimated from the thermodynamic data, and the validity of the two studies 6, 7) was discussed. It is concluded that the evaporation rate constant of Cu takes a maximum value at the specified Si content. However, the suitable Si content for the copper evaporation has not sufficiently been clarified. In the present study, the effects of silicon and carbon on the evaporation rate of copper in molten iron are investigated in order to know the silicon and carbon contents, at which the evaporation rate of copper is maximized.
Estimation of the Evaporation Rate of Copper in Fe-Si or Fe-C alloy
The reaction for the copper evaporation is expressed as follows:
Cu (mass%, in Fe)ϭCu (g)...................... (1) In the present work, the reaction is assumed to be controlled by both the gaseous mass transfer and the chemical reaction at the gas/metal interface. The profile of the activity or the partial pressure of Cu at the gas/metal interface is schematically shown in Fig. 1 . The mass transfer rate of copper in the gaseous phase and the chemical reaction rate at the gas/metal interface are represented by Eqs. (2) where A denotes the reaction area (m 2 ), a Cu, i the copper activity relative to the pure liquid at the gas/metal interface, K (1) the equilibrium constant for Eq. (1), 10) k c the chemical reaction rate constant (m/s), k g the mass transfer coefficient of copper in the gaseous phase (m/s), k Cu the apparent rate constant of copper evaporation (m/s), M i the atomic weight of i (kg/mol), n Cu the mole number (mol), P Cu and P Cu,i the vapor pressures of Cu in the bulk metal and at the interface (Pa), respectively, R the gas constant (ϭ8.314 J/ (mol · K)), T the temperature (K), t the time (s), V the metal volume (m 3 ), g Cu the activity coefficient of Cu in the alloy and r L the density of the alloy (kg/m 3 ). 11) From Eq. (7), the apparent rate constant of copper evaporation, k Cu , is a first order with respect to the activity coefficient of copper in molten iron, g Cu , at the constant temperature and pressure (kϭconst.), and k Cu changes linearly as a function of g Cu . In our previous study, 9) the activity coefficient of copper in Fe-Si-Cu alloy, g Cu(Fe-Si-Cu) , was estimated from the activity coefficients of Cu in Fe-Cu and Si-Cu binary alloys by the regular-solution model in a ternary system 12, 13) as follows:
... (8) where DH M (Fe-Si) 11) denotes the enthalpy change of mixing for Fe-Si alloy (J/mol), X i the mole fraction of component i, and g°C u(Fe-Cu) 14) and g°C u(Si-Cu) 15) the activity coefficients of Cu in molten iron and in molten silicon, respectively. The estimation of g Cu(Fe-Si-Cu) is also conducted using the FactSage thermochemical software and databases. 16) The activity coefficient of copper in Fe-C-Cu alloy is calculated by the following equation: ln g Cu(Fe-C-Cu) ϭln g°C u(Fe-Cu) ϩe C Cu · X C (at the dilute solution) ................. (9) where e C Cu denotes the interaction coefficient of C for Cu. 17) The relationship between g Cu(Fe-M-Cu) /g°C u(Fe-Cu) and the M (ϭSi or C) content at 1 873 K is shown in 9), which shows that the extrapolation of Eq. (9) to the higher carbon content is valid. It is also found that the rate 1 . The profile of the activity or the partial pressure of Cu at the gas/metal interface. constant of copper evaporation is estimated to increase about 1.5 to 1.7 times larger by the silicon addition. On the other hand, the value for g Cu(Fe-C-Cu) /g°C u(Fe-Cu) smoothly increases with increasing the carbon content, and the rate constant of copper evaporation is expected to increase about twice larger at about 4 mass% C.
Experimental
The high purity electrolytic iron ([mass ppm O]ϭ15-20) and Si (purity 99.999%) were inserted in an alumina crucible (38-mm o.d., 45-mm height and 30-cm 3 volume) and were inductively heated up to 1 873 K in Ar-H 2 atmosphere. Then, copper (purity 99.0%) was added, and the content was adjusted to about 0.6 mass%. After holding about 5 min, the sample was cooled rapidly, and the Fe-0ϳ20mass%Si-0.6mass%Cu alloys were prepared. Similarly, the Fe-0ϳ4mass%C-0.6mass%Cu alloys were made by adding carbon and copper after the electrolytic iron was inductively heated and was melted at 1 873 K. The preliminary prepared Fe-Si-Cu or Fe-C-Cu alloy weighing about 60 g was put in the alumina crucible and was inductively heated to 1 923 or 1 973 (Ϯ5)K. After reaching the experimental temperature, the chamber pressure was adjusted to a fixed value ranging from 133 to 10 5 Pa, and the hydrogen gas (purity 99.9999%) was blown onto the surface of the metal at a fixed flow rate of 0.1 to 1 L/min (s.t.p.). After holding for a fixed time, the sample was quickly cooled, and 1 to 2 g of the sample was taken for chemical analysis. The similar procedure was repeatedly carried out using the remaining sample, and the variations of Si, C and Cu contents of metal with time were investigated. The copper and silicon contents of metal were analyzed by the inductively coupled plasma (ICP) emission spectrometry. The carbon content was analyzed by the combustion method using a carbon analyzer. The experimental conditions are summarized in Table 1 .
Results

Evaporation of Copper from Molten Fe-Si-Cu or
Fe-C-Cu Alloy The variations of Si and Cu contents of Fe-Si-Cu alloy or C and Cu contents of Fe-C-Cu alloy with time are shown in Figs. 3 and 4 , respectively, under the chamber pressure of 133 Pa at 1 923 K. In the present study, assuming that the evaporation rate of copper in molten iron is a first order with respect to the copper content of the alloys, the apparent rate constant of the copper evaporation, k Cu , is determined on the basis of Eq. (10), which is derived from the integration of Eq. (6).
............. (10) where [mass%Cu] 0 denotes the initial copper content of metal.
Effect of Silicon on the Evaporation Rate of
Copper The dependence of the apparent evaporation rate con-ln
[mass%Cu]
[mass%Cu] 0 stant of copper in Fe-Si-Cu alloy on the initial silicon content, [mass%Si] 0 , is shown in Fig. 5 . At the other chamber pressures except for 10 4 Pa ( Fig. 5(b) ), the largest evaporation rate constant of copper is attained when the initial silicon content is about 3 mass%, and the maximum rate constant is about 1.4 times as large as that for Fe-Cu alloy. On the other hand, under the chamber pressure of 10 4 Pa, the evaporation rate constant of copper takes a maximum value at the silicon content of about 10 mass%. At this time, the evaporation rate constant is about twice as large as that for Fe-Cu alloy, and the promoting effect of copper evaporation by the addition of silicon is the largest in comparison with those at the other chamber pressures.
Effect of Carbon on the Evaporation Rate of Copper
The dependence of the apparent evaporation rate constant of copper in Fe-C-Cu alloy on the carbon content is shown in Fig. 6 . It is found that the evaporation rate of copper increases with increasing the carbon content, regardless of the variation of the chamber pressure. The apparent rate constant of the copper evaporation, k Cu , is about 1.7 times as large as that for Fe-Cu alloy at 2 mass% C. It can be said that the promoting effect of copper evaporation by the carbon addition is larger than that by the silicon addition from the present results.
Discussion
Effect of Silicon on the Evaporation Rate of
Copper The variation of the silicon content of Fe-Si-Cu alloy with time is shown in Fig. 7 under the chamber pressure of 10 4 Pa at 1 973 K. The silicon content decreases with time only at the chamber pressure of 10 4 Pa, and the silicon con- tents did not change with time at the other chamber pressures (see an example at 133 Pa shown in Fig. 3 ). For this reason, in Fig. 5 , the result at the chamber pressure of 10 4 Pa is considered to be different from the results at the other chamber pressures. In the present study, the experiments were conducted in the reduced atmosphere by introducing hydrogen, and the progress of desiliconization by the oxidation reaction can be hardly considered. The possibility is examined on the desiliconization by the formation of SiH 4 written as Si (l)ϩ2H 2 (g)ϭSiH 4 Here, the activity of silicon in Fe-5mass%Si alloy is estimated to be a Si ϭ1.06ϫ10 Ϫ3 , relative to the pure liquid. 11) The equilibrated partial pressure of SiH 4 (g) is calculated under the conditions of 1 973 K and P H 2 ϭ1.013ϫ10 5 Pa. The partial pressure of SiH 4 (g), P SiH 4 , is derived to be 1.1ϫ 10 Ϫ4 Pa. This value corresponds to about 7ϫ10 Ϫ5 times as large as the vapor pressure of copper in Fe-0.5mass%Cu alloy, 16 Pa, and it can be thermodynamically concluded that the formation of SiH 4 is not the main cause of the progress of the desiliconization. Only at the chamber pressure of 10 4 Pa, the formation of a compound, which seemed to be SiO 2 , was observed at the internal wall of the crucible and the tips of the gas inlet tube after the experiments, which implies the possibility of the progress of the desiliconization by
Si (mass%, in Fe-Si alloy) ϩO (mass%, in Fe-Si alloy)ϭSiO (g).......... (13) It may be expected that the consumed oxygen in the desiliconization reaction was supplied by the H 2 reduction of Al 2 O 3 , which was used as the crucible and the gas inlet tube. However, the reason has not been clarified enough that the desiliconization proceeds only at the specified chamber pressure of 10 4 Pa. As well as the case by Matsuo et al., [1] [2] [3] in which the copper removal was promoted by increasing the reaction area in combination with the decarbonization, it can be expected that the evaporation rate of Cu increases by the turbulence of the gas/metal interface, which is caused by the formation of SiO gas. Under the chamber pressure of 10 4 Pa at 1 973 K, the dependence of the apparent evaporation rate constant of copper on the initial and final silicon contents in the present study is shown in Fig. 8 . The desiliconization proceeds fastest in the experiment plotted by the triangle in Fig. 8 , and the silicon content decreased to about 3 mass%, at which the evaporation rate of Cu was confirmed to be maximized at the other chamber pressures. For this reason, namely by the combination effects of the silicon addition and the desiliconization, the promotion of Cu evaporation is considered to become largest in comparison with that at the other chamber pressures. At the other chamber pressures except for 10 4 Pa, the evaporation rate of copper becomes smaller than that for Fe-Cu alloy when the silicon content exceeds about 7 to 10 mass%. On the other hand, at the chamber pressure of 10 4 Pa, the promoting effect of copper evaporation by the addition of silicon was appeared over the whole silicon composition range in the present study. From this viewpoint, the desiliconization is also considered to contribute to the promotion of the copper evaporation, in addition to the effect of the silicon addition. The effect of Si on the evaporation rate of Cu, which was examined by Morales et al. 6) and by Esimai 7) based on a levitation technique, and is shown in Fig. 9 . From the result by Morales et al., the optimum Si content exists, at which the evaporation rate of Cu is maximized. On the other hand, from the result by Esimai, it is found that the evaporation rate monotonically increases with the increase of the silicon content. The effect of silicon on the evaporation rate of copper was thermodynamically discussed in our previous study, 9) and the result by Morales et al. was concluded to be more valid than those by Esimai.
The present experimental results also show the same qualitative tendency as the result by Morales et al. and by the thermodynamic evaluation. From the present study, it is found that the silicon content, at which the evaporation rate constant of copper takes a maximum value, is about 3 mass%. Morales et al. 6) also investigated the effect of carbon on the evaporation rate of copper in Fe-C-Cu alloy by the levitation technique. From the result by Morales et al. in Fig. 6 , the apparent evaporation rate constant of copper linearly © 2003 ISIJ increases with increasing the carbon content. The interaction coefficient of carbon for copper in molten iron, e C Cu , was estimated by Morales et al. In the present study, the value is also estimated by a similar method. The following equation can be derived from Eqs. (7) and (9) .
Effect of Carbon on the Evaporation Rate of Copper
k Cu ϭC · exp(e C Cu · X C ) (Cϭconst.).............. (14) The value for e C Cu was determined by fitting the experimental results to Eq. (14) and is shown in Table 2 . The values for e C Cu in Table 2 are positive, which reasonably agrees with the fact that the solubility of carbon in molten copper is much smaller than that in molten iron. Moreover, the following relationship is derived from Eq. (7):
.................. (15) where k Cu(Fe-Cu) and k Cu(Fe-C-Cu) denote the apparent rate constants of the copper evaporation in Fe-Cu alloy and in Fe-C-Cu alloy, respectively. Using Eq. (15), the relationship between g Cu(Fe-C-Cu) /g°C u(Fe-Cu) and the carbon content is shown in Fig. 10 from the present experimental results and the previous ones by Morales et al. 6) The experimental values reasonably agree with Eq. (9) , which shows that the evaporation rate of copper in molten iron is affected by the activity coefficient of copper.
Effect of the Chamber Pressure on the Evaporation Rate of Copper
The dependence of the chamber pressure on the apparent evaporation rate constant of copper is shown in Fig. 11 . The minimum value at each error bar, which represents the range of the present results, shows the k Cu value for Fe-Cu alloy. The maximum value shows the largest evaporation rate constant of copper at each chamber pressure attained by the addition of Si or C in the present study. It is found that the evaporation rate of copper from molten ferrous alloys is affected by the chamber pressure under the present experimental conditions, which implies the influence of the gas phase mass transfer. Savov et al. 8) also reported that the copper evaporation is greatly influenced by the chamber pressure and is not much affected by the liquid phase mass transfer under the chamber pressure of 10 to 10 5 Pa. Accordingly, the assumption that the evaporation of copper in molten iron is not controlled by the liquid phase mass transfer is considered to be valid. The result by Matsuo, 3) which is shown by a closed square in Fig. 11 , shows the apparent rate constant of copper removal when the copper evaporation is promoted by the decarbonization using the weak oxidizing agents, such as SiO 2 and MgO. The other results show the apparent evaporation rate constant of copper in Fe-Cu alloy. The apparent rate constant of copper evaporation obtained in the present study is larger at each chamber pressure, irrespective as to whether the silicon (or carbon) addition or not, than the value in the previous studies. Although the cause cannot be specified clearly, the ingoing hydrogen gas may promote the copper evaporation by removing the surface active element, oxygen, at the metal surface, or by facilitating the gaseous diffusion of copper for the smaller atomic size of hydrogen. Moreover, the possibility is also considered that the copper can be removed in the form of some hydride compounds. At the practical reduced-pressure of 133 Pa, the present results are larger than the result by Matsuo, in which the copper removal was promoted by the decarbonization using the weak oxidizing agents. The apparent evaporation rate constants of copper obtained in the present study are about 2.4 to 3.5 times larger than the previous ones, and only a little smaller than those at the chamber pressure under 10 Pa for Fe-Cu alloy. That is, the evaporation rate of copper, which is large enough to be equivalent to that in the case of the chemical reaction rate-limiting for Fe-Cu alloy, was attained at the practical reduced-pressure of 133 Pa in the present study. The estimated values for the interaction coefficient of carbon for copper in liquid iron. Fig. 10 . Relationship between g Cu(Fe-C-Cu) / g°C u(Fe-Cu) and the carbon content. Fig. 11 . Dependence of the chamber pressure on the apparent evaporation rate constant of copper.
Conclusions
The effects of silicon and carbon on the evaporation removal of copper in molten iron have been investigated. The following conclusions are obtained:
(1) The silicon content at which the rate constant of copper evaporation is maximized is about 3 mass%. The silicon content, 3 mass%, is smaller than that estimated from the thermodynamic calculation. The apparent rate constant at 3 mass% Si is about 1.4 times as large as that for Fe-Cu alloy.
(2) The apparent rate constant of copper evaporation for Fe-C-Cu alloy smoothly increases with increasing the carbon content. The rate constant at 2 mass% C is about 1.7 times larger than that for Fe-Cu alloy.
(3) At the practical reduced-pressure of 133 Pa, the rate constant of copper evaporation which is large enough to be equivalent to that in the case of the chemical reaction ratelimiting for Fe-Cu alloy was attained in the present study.
